Strict criteria have been established for measurement of basal metabolic rate and standard evaporative water loss to ensure that data can be compared intra-and interspecifically. However, data-sampling regimes vary, from essentially continuous sampling to interrupted (switching) systems with data recorded periodically at more widely spaced intervals. Here we compare one continuous and three interrupted sampling regimes to determine whether sampling regime has a significant effect on estimation of basal metabolic rate or standard evaporative water loss. Compared to continuous 20-s sampling averaged over 20 min, sampling every 6 min and averaging over 60 min overestimated basal metabolic rate and evaporative water loss, sampling every 3 min and averaging over 21 min underestimated basal metabolic rate, and sampling every 12 min and averaging over 36 min showed no difference in estimates. Increasing the period over which the minimum mean was calculated significantly increased estimates of physiological variables. Reducing the frequency of sampling from 20 s to a longer interval of 3, 6, or 12 min underestimated basal metabolic rate but not evaporative water loss. This indicates that sampling frequency per se influences estimates of basal metabolic rate and that differences are not just an artifact of differences in the period over which the mean is calculated. Sampling regime can have a highly significant influence on estimation of standard physiological variables, although the actual differences between sampling regimes were generally small (usually !5%). Although continuous sampling is the preferred sampling regime for openflow respirometry studies, if time and cost are prohibitive, then use of an appropriate switching system will result in smaller errors than measuring individuals continuously for shorter periods.
Introduction
Basal metabolic rate (BMR) is one of the most commonly measured physiological variables for birds and mammals. Usually, it is determined by indirect calorimetry, where the rate of either oxygen consumption ( ) or carbon dioxide productioṅ Vo 2 ( ) is measured. These can then be converted to units oḟ Vco 2 heat production/energy consumption by the chemical stoichiometry of metabolism (i.e., using the respiratory quotient; see Withers 1992 for conversions). A wide variety of techniques can be used to measure and , including manometry,Vo Vco 2 2
closed-system respirometry, and, most commonly, open-flow respirometry. Open-flow respirometry is the most reliable of these techniques because it can reduce errors associated with ambient temperature (T a ) or pressure fluctuations and allows for long periods of continuous measurement so that intermittent periods of animal activity can be accounted for. Standard evaporative water loss (or SEWL, evaporative water loss at or near the lower critical temperature of the thermoneutral zone) is another commonly measured standardized physiological variable that can be measured by respirometry (hygrometry). SEWL is often measured in an open-flow respirometry system, simultaneously with MR, to determine the evaporative component of heat loss. One of the major objectives of measuring BMR and SEWL is to obtain standardized measures of energy and water use that can be used for intra-and interspecific comparisons. Therefore, strict criteria have been established to ensure that these data are comparable; that is, subjects must be adult, nonreproductive, postabsorptive, endothermic individuals measured during the inactive phase of their circadian rhythm, at rest within their thermoneutral zone while euthermic (McNab 1997; IUPS Thermal Commission 2003; ). There are various descriptions of system design, calibration, and calculation for open-flow respirometry (Depocas and Hart 1957; Lasiewski et al. 1966; Hill 1972; Withers 1977 Withers , 2001 Koteja 1996; Lighton 2008) , along with quantification of the effects of miscalculation or calibration (see Withers 2001) . Effects of variation in other aspects of experimental design and analysis on the estimation of BMR and SEWL have also been investigated, for example, chamber relative humidity (RH; Lasiewski et al. 1966; Cooper and Withers 2008) , experimental duration (Gallivan 1992; Hayes et al. 1992; ), flow rate (McNab 2006) , sample size (McNab 2003) , use of chemical desiccants (Elia et al. 1986; White et al. 2006 ), and time period over which mean values are calculated (Hayes et al. 1992; Withers 2001) . However, another factor that potentially affects the estimation of these standard physiological variables is sampling protocol, including the frequency and pattern of sampling (e.g., use of a switching system).
Sampling frequency (i.e., the interval at which data points are recorded) of excurrent gas composition in open-flow systems can be essentially continuous at a relatively high frequency, for example, every 5 s to 1 min (Chappell and Roverud 1990; Walsberg and Wolf 1995; Merola-Zwartjes 1998; Dawson et al. 2000; Larcombe 2002; Withers and Cooper 2009) , or it can be considerably slower, for example, 3 to 12 min (if, e.g., the respirometry system switches between a number of animals or room air; Song and Geiser 1997; McKechnie and Lovegrove 1999, 2001; Holloway and Geiser 2001; Downs and Brown 2002; Bush et al. 2008; Doucette and Geiser 2008) . Sometimes a combination is used, with essentially continuous data recorded at a high frequency for a specific period of time (e.g., every 1-5 s for 1.3-12 min) before switching to another animal or room air (Buttemer and Astheimer 2000; Newman et al. 2002; Boratyń ski and Koteja 2009 ). Continuous highfrequency sampling requires a complete respirometry system (i.e., flowmeter, metabolic chamber, and gas analyzers) for each experimental subject; thus, only one individual can be measured at a time with a single system. To obtain a statistically viable sample size (usually six to eight individuals) of truly resting animals (which requires long experimental periods; ) in their inactive phase requires either extended study durations (especially if a range of T a 's are being examined; for example, approximately a week per T a ) or the concomitant use of multiple complete respirometry systems, which is costly. Alternatively, one set of gas analyzers can be used to measure several animals simultaneously (and often a control ambient air sample), by sequentially sampling excurrent air from a series of metabolism chambers in turn through the analyzers. However, use of such a switching system necessarily results in an interrupted sampling regime, as each animal's chamber excurrent air must be passed through the analyzer in turn. The interval between samples will depend on the number of animals being measured, the washout characteristics of the metabolic systems, and the response time of the analyzers. Hayes et al. (1992) compared BMR calculated from data collected for 15 min every hour for 6 h to that calculated from data collected continuously (5-s interval) for 90 min. They found that for short-tailed field voles (Microtus agrestis) there was no difference in estimates of BMR, but for wood mice (Apodemus sylvaticus), interrupted sampling produced BMRs 18% lower than those from the continuous 90-min sample. However, their analysis compared different experimental time courses (90 min and 6 h) and for wood mice was restricted to a sample size of two individuals. Here we compare a highfrequency sampling regime with three regimes of lowerfrequency sampling, simulating interrupted sampling, over equivalent measurement durations for seven species of marsupial, to quantify any differences in measurement of BMR and SEWL. sampled, starting at the first data point and then skipping the appropriate number of data points to obtain values at 20-s, 3-min, 6-min, and 12-min intervals. These simulated sampling intervals represented continuous (20 s; Withers and Cooper 2009 ) and three interrupted sampling regimes described in the literature (3 min: Doucette and Geiser 2008; 6 min: Downs and Brown 2002; Bush et al. 2008; 12 min: Maddocks and Geiser 1997; Song and Geiser 1997; Holloway and Geiser 2001) . For each of these sampling regimes, the mean minimum , , and EWL were determined as the meaṅVo Vco 2 2 of the values collected over the period of time specified in the literature for each of the selected sampling regimes (20 min for 20-s sampling, i.e., 60 data points; 21 min for 3-min sampling, i.e., seven data points; 60 min for 6-min sampling, i.e., 10 data points; and 36 min for 12-min sampling, i.e., three data points). Any differences between these sampling regimes could be attributed to differences in the time period over which the mean minimum was calculated (i.e., 20, 21, 30, or 60 min) or to differences in sampling frequency (i.e., every 20 s, 3 min, 6 min, or 12 min). Therefore, two further analyses were conducted. Mean minimal values were calculated for the 20-s continuously sampled data, for the continuous averaging period (20 min), and for each of interrupted averaging periods (21, 36, and 60 min) to quantify the effect of averaging period. Thus, the averaging period was varied, but the sampling frequency remained constant. We also calculated the variance of the data during each averaging period and examined the relationship between the difference between the 20-min average and the 21-, 36-, and 60-min averages and the variance. Then, the averaging period was held constant and the sampling frequency was varied; 20-s sampling was compared with 3-min sampling (with the average calculated over 21 min for both), then with 6-min sampling (and the average calculated over 60 min for both), and finally with 12-min sampling (and the average calculated over 36 min for both).
Material and Methods

Thermoneutral
Simulations of each sampling regime were accomplished by subsampling the original continuous data using a custom-written VB program. Comparison of the different sampling regimes was made using repeated-measures ANOVA (RMANOVA), with species as a factor. As post hoc tests are unavailable for RMANOVA, the differences between specific sampling regimes had to be identified by removing each regime in turn and determining when the RMANOVA was no longer significant (Rencher 1995) . The relationship between the variance of the data and the difference resulting from varying the averaging period was determined by regression. All statistical analyses used statistiXL (http://www .statistixl.com/).
Results
Oxygen Consumption
Sampling regime had a significant effect on the mean minimum ( , ), and there was a significant effecṫ Vo F p 6.23 P p 0.002
of species ( , ). There was no significant in-F p 26.1 P ! 0.001 6, 38 teraction between species and sampling regime ( , F p 1.35 18, 102 ). Removal of various regimes from the RMANOVA P p 0.176 model indicated that the 6-min interval averaged over a 60-min regime (6 min/60 min) and the 3-min interval averaged over a 21-min regime (3 min/21 min) yielded estimates of minimal significantly different from those under the continuous samVo 2 pling regime, but the 12-min sampling regime averaged over 36 min (12 min/36 min) did not ( Table 1) . The 3-min/21-min regime underestimated BMR ( of the continuous-98.9% ‫ע‬ 0.3% sampling-regime mean for all species), whereas the 6-min/60-min regime overestimated BMR ( ). To deter-107.8% ‫ע‬ 1.83% mine whether these differences between sampling regimes resulted from differences in the period over which the mean minimum was calculated or from the different sampling interval, each of these effects was examined separately.
Averaging period had a significant effect on the mean minimum ( , ) for all species. For datȧ Vo F p 8.28 P ! 0.001 2 3 ,3 6 recorded every 20 s, the mean calculated over 20 min was significantly lower ( ) than those calculated over all P ≤ 0.002 other periods (21, 36, or 60 min; Table 2 ). There was also a significant effect of species ( , ) but no F p 3,375 P ! 0.001 7, 38 interaction ( , ) . The difference between F p 1.69 P p 0.053 18, 102 the 20-min mean and the 36-and 60-min means was significantly related to the variance of the 36-and 60-min minimum periods, respectively ( , ; ,
), but this relationship was not significant for the 21-min 0.001 period ( , ). F p 0.194 P p 0.662 1, 43 Each interrupted sampling regime (3, 6, and 12 min) was compared separately to the continuous sampling regime (20 s), with the mean for both interrupted and continuous samples taken over the same period as described in the literature for that interrupted regime (e.g., 21 min for the 3-min, 36 min for the 12-min, and 60 min for the 6-min comparison). All interrupted sampling regimes significantly underestimated , compared with continuous (20-s) sampling, when botḣ Vo 2 interrupted and continuous data were averaged over the same period (3-min interval:
, ; 6-min sam-F p 14.0 P p 0.001 1, 38 pling:
, ; 12-min sampling: , F p 11.6 P p 0.002 F p 4.39 1, 38 1, 38 ; ; Table 3 ). There were significant differences between P p 0.007 species for all three analyses ( ). P ! 0.001
Evaporative Water Loss
Both sampling regime ( , ) and species F p 10.8 P ! 0.001 3, 36 ( , ) had significant effects on SEWL. There F p 1.15 P ! 0.001 6, 38 was no significant interaction between these variables ( , ). Removal of various regimes from F p 1.14 P p 0.320 18, 192 the RMANOVA model indicated that the 6-min/60-min-mean regime differed from the others by having consistently higher estimates of EWL (Table 1) . The period over which the mean was calculated (20, 21, 36, or 60 min) for continuously (20 s) sampled data had an effect on the calculated SEWL ( , ; Table 2 ). The F p 18.8 P ! 0.001 3, 36 effect of species ( , ) was also significant, F p 15.8 P ! 0.001 6, 38 and there was no significant interaction term ( , F p 1.31 18, 102 ). The mean taken over 20 min was significantly P p 0.196 lower ( ) than all other means ( Table 2 ). The differ-P ≤ 0.013 ences between the 20-min mean and the 21-, 36-, and 60-min means were significantly related to the variances of the 21-, An intermittent sampling regime of 3, 6, or 12 min did not significantly affect the estimation of SEWL compared with a continuous (20-s) regime when each was compared separately with a continuous sample with the mean taken over the same period (i.e., 21, 60, or 36, respectively; 3-min interval: F p 1, 38 , ; 6-min interval: , ; 12-3.85 P p 0.057 F p 1.00 P p 0.324 1, 39 min interval: , ). There were significant F p 0.24 P p 0.627 1, 39 differences between species for all three analyses ( ). P ! 0.001
Discussion
A wide variety of sampling regimes are used for flow-through respirometry. Here we examined an essentially continuous and three interrupted sampling regimes, representing a range of the more varied sampling intervals and calculation periods used in the literature, to determine the effect that variation in sampling regime may have on the estimation of BMR (measured as both and ) and SEWL. We found that sampling regimėVo Vco 2 2 significantly influences the estimation of these standard physiological variables, and although these effects are generally small, they should be considered when designing sampling regimes for respirometry and when interpreting existing data. Significant differences were found between species for , Vo 2 , and EWL in all analyses. This between-species variatioṅ Vco 2 was expected because of the 130-fold range in body mass of the species investigated (from 10.4 g for common dunnarts to 3,373 g for tiger quolls) and the highly significant allometric effect on BMR and SEWL for marsupials (McNab 2005; Withers et al. 2006 ) and indeed all animals (Kleiber 1932; Hemmingsen 1950; Schmidt-Nielsen 1984; Withers 1992) . Species used for this study were selected to provide a variation in body mass, ensuring that the results were not restricted to a limited mass range, because potential differences in activity during measurements or chamber dynamics for large and small species could possibly influence the results. However, an absence of significant interactions between sampling regime and species indicates that sampling regime had similar effects on the estimation of BMR and SEWL for all species. Switching systems for simultaneous measurement of multiple animals by open-flow respirometry provide obvious time and cost benefits but necessitate a low-frequency or interrupted sampling regime. However, switching systems are useful only if the interrupted sampling regime provides an estimate of , , and EWL equivalent to that under a continuouṡVo Vco 2 2 sampling regime. Thus, quantitative analysis of potential measurement bias resulting from noncontinuous sampling is necessary both to interpret existing data obtained using noncontinuous sampling and for future experimental design. The four sampling regimes that we selected from the literature for analysis were representative of a wide array of actual and potential sampling regimes. These were chosen to provide comparison of an essentially continuous regime (20 s/20 min) with a shortinterval, short-minimum-mean regime (3 min/21 min; Doucette and Geiser 2008), an intermediate-interval, long-minimum-mean regime (6 min/60 min; Downs and Brown 2002; Bush et al. 2008) , and a long-interval, intermediate-minimummean period regime (12 min/36 min; Maddocks and Geiser 1997; Song and Geiser 1997; Holloway and Geiser 2001) . We found a significant effect for these sampling regimes on the estimation of BMR, measured as and , and oṅVo Vco 2 2 EWL ( Table 1 ). The 6-min/60-min regime overestimated all three physiological variables, compared with a 20-s/20-min regime, whereas the 3-min/21-min regime underestimated ; Vo 2 estimates from the 12-min/36-min regime did not differ from those under the 20-s/20-min regime. These differences between sampling regimes could result from differences in the sampling period over which the mean minimum for an experiment was calculated (i.e., 20, 21, 36, or 60 min) or from differences in the sampling frequency (i.e., 20 s or 3, 6, or 12 min). Increasing the period, and thus the number of data points, over which a mean minimum value is calculated must increase the mean minimum value, as successively higher values are included as the calculation period lengthens (Hayes et al. 1992) . This was evident from the significant increases for continuously sampled data in 21-, 36-, and 60-min mean minimums compared with a 20-min mean (Table 2) . Even one additional minute of sampling results in a small but significant increase in the mean minimum value; longer periods result in larger increases. Longer periods for calculating mean minimum values are also more likely to include periodic bouts of alertness and activity, which increases the estimates of BMR and SEWL. As expected, the greater the variance of the data during the period over which the average is calculated, the greater the effect of the period over which the mean is calculated.
One drawback of an interrupted sampling regime is that less frequent sampling necessitates either a longer mean calculation period or a reduced number of data points included in the mean (e.g., sampling every 3 min provides seven values for a 21-min mean, sampling every 6 min provides 10 values for a 60-min mean, and sampling every 12 min provides three values for a 36-min mean). Some trade-off is required to maximize the number of data points collected and to minimize the required calculation period. There is, however, a minimum sampling period over which a mean should be calculated. Calculated BMR and SEWL should be sustainable physiological states, and transient lower values (e.g., resulting from positional or postural changes within the metabolic chamber or brief periods of anapnea) must be avoided. The 95% equilibrium period of the metabolic system (see Lasiewski et al. 1966 ) is also an important consideration. Hayes et al. (1992) and Withers (2001) discuss the determination of the period over which the mean should be calculated.
Holding the period over which the mean minimum was calculated constant and lowering the sampling frequency (and therefore reducing the number of data points used to calculate the mean) revealed that all three sampling intervals tested (3, 6, and 12 min) led to an underestimation of BMR (bothVo 2 and ) but did not influence calculation of SEWL, comVco 2 pared with continuous sampling (Table 3) . This is important, as it indicates that sampling frequency per se influences estimates of BMR and that differences are not just an artifact of differences in the period over which the mean is calculated. Clearly, interrupted sampling regimes result in estimates of BMR statistically different from those under continuous sampling regimes, consistently underestimating BMR. Interestingly, EWL was not affected by sampling frequency, presumably because water vapor tends to have longer washout periods than other gases, and this may smooth RH changes within the chamber and reduce sampling-frequency effects.
Comparison of an essentially continuous sampling regime with various interrupted sampling regimes for flow-though respirometry has revealed that sampling regime has a significant influence on estimation of standard physiological variables. Differences in sampling regime result from differences in sampling frequency, which underestimate BMR, and differences in the sampling period over which the mean minimal values for an experiment are calculated, with longer periods overestimating BMR and SEWL. For the 6-min/60-min regime, underestimation by the 6-min sampling frequency was not sufficient to overcome overestimation by the 60-min sampling period, resulting in an overall overestimation of BMR and EWL. For the 3-min/21-min regime, was underestimated because of unVo 2 derestimation by sampling frequency (the overestimation from the sampling period effect was too small to counteract this). For the 12-min/36-min regime, underestimation resulting from sampling frequency was almost exactly counteracted by the 36-min sampling period calculation, with the overall estimate of BMR and SEWL statistically indistinguishable from that of the continuous sampling regime.
We have demonstrated that sampling regime has a statistically significant influence on the estimation of standard physiological variables, such as BMR and SEWL, and conclude that the use of switching systems, which necessitate interrupted sampling regimes, are best avoided if optimal data collection is to be achieved. However, variation in the period over which the mean is calculated can mathematically offset or outweigh this underestimation, resulting in values similar to those from a continuous regime or even an overestimate of physiological variables. Despite the high level of significance, the magnitudes of the actual differences between sampling regimes were generally small, mostly !5% but sometimes 112%. To put these sampling errors in context, miscalculation of by ignoring the dilutioṅ Vo 2 effect of CO 2 produces errors of 18%-25%, assuming a respiratory exchange ratio (RER) of 0.85 rather than measuring the actual RER (or absorbing excurrent CO 2 ) creates errors of 0%-5%, and converting to units of energy consumptioṅ Vo 2 (i.e., kJ) by assuming an RER of 0.8 instead of measuring the actual RER can result in errors of up to 0.6% (see Withers 2001) . Generally, the effects of miscalibration of equipment (e.g., flowmeters, gas analyzers) on the determination of , Vo 2 , and EWL are small and proportional to the magnitudė Vco 2 of the miscalibration (Withers 2001) . Perhaps one of the largest and most commonly occurring sources of error in the determination of standardized physiological variables is an insufficient experimental duration ). More than half of the current BMR data for small marsupials are likely to be overestimated by 15%-28% and three-quarters of the SEWL data to be overestimated by 45% because of insufficient experimental duration . Compared with these sources of error, the error from an interrupted sampling regime appears to be low to intermediate. Although continuous sampling is the preferred sampling regime for open-flow respirometry studies, if time and cost are prohibitive, then judicious use of a switching system to measure a sufficient sample size of individuals over sufficiently long experimental periods will result in smaller errors than measuring individuals continuously for short durations.
